Abstract. Organometallic-mediated radical polymerization (OMRP) has seen a significant growth in the last years notably due to the development of new metal complexes, especially cobalt derivatives. Despite of this, none of the reported complexes offers optimal control for monomers with very different reactivity, which somewhat limits the synthesis of copolymers. In order to expand the scope of cobalt-mediated radical polymerization (CMRP), we investigated an in situ ligand exchange reaction for modulating the properties of the cobalt complex at the polymer chain-end and adjusting the C-Co bond strength involved in the control process. With the aim of improving the synthesis of poly(vinyl acetate)-b-poly(n-butyl acrylate) copolymers, bidentate acetylacetonate ligands, which impart high level of control to the polymerization of vinyl acetate (VAc), were replaced in situ at the PVAc-cobalt chain-end by tetradentate Salen type ligands that are more suited to acrylates.
Introduction
Controlled radical polymerization CRP has become an important tool for the preparation of well-defined polymer materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . The use of organometallic complexes was a significant step towards the development of CRP of various vinylic monomers [1, [9] [10] [11] [12] .
CRP mediated by transition metal complexes can be classified in two families [13] , i.e., atom transfer radical polymerization (ATRP) [14] [15] [16] and organometallic mediated radical polymerization (OMRP) [11, 12, 17, 18] . The role of the metal center consists in the transformation of the radical species into dormant species through a halogen exchange between the metal center and the radical for the ATRP mechanism (eqn 1, Scheme 1) [19] [20] [21] , and in the reversible formation of a metal-carbon covalent bond for the OMRP mechanism (eqn 2, Scheme 1). In the two cases, the CRP is directed by the redox M n+1 /M n properties of the metallic center (scheme 1) which are highly affected by the coordination sphere [18, 22] .
Scheme 1. Radical polymerization controlled via an ATRP or OMRP process
Numerous transition metals including nickel [23] , titanium [24, 25] , molybdenum [26, 27] , osmium [28, 29] cobalt [30] and rhenium [31] are effective for ATRP [32] . This family is however dominated by ruthenium [33] [34] [35] , iron [36] [37] [38] [39] and copper complexes [10, 21, 28, [40] [41] [42] [43] [44] .
Until now cobalt complexes remain the most versatile and efficient controlling agents for OMRP process [11, 17] . Cobalt mediated radical polymerization (CMRP) [45, 46] is extensively studied especially for its high ability to control the polymerization of a large range of monomers including acrylic monomers [47] [48] [49] [50] and vinyl esters [12, 17, 46, 51, 52] . Depending on the reaction conditions, the CMRP process follows a reversible termination (RT) mechanism (eqn 2, Scheme 1) [51] or a degenerative transfer (DT) one (eqn 3, Scheme 1) [53, 54] . The latter is observed when the amount of radicals exceeds the amount of cobalt complex. The role of the ligand is crucial and determines the ability of the cobalt complex to control the polymerization by affecting the stability of the cobalt-carbon bond of the dormant species, and therefore the active/dormant species equilibrium [12] . -3 - Cobalt complexes bearing high electron donating ligands such as porphyrin derivatives [49, 55] , cobaloximes [56] or 1,3-bis(2-pyridilimino)isoindolate ligands [57] (Figure 1 ) present high ability to control the radical polymerization of conjugated vinyl monomers such as acrylates. In contrast, low electron donating ligands such as bis(acetylacetonate) (Figure 1 ), impart to cobalt an exceptional activity for controlling the radical polymerization of unconjugated vinyl monomers such as vinyl ester, [46, [58] [59] [60] N-vinyl imidazolium [61] , Nvinyl pyrrolidone [62] , N-vinyl amides [63] [64] [65] , and well-defined copolymers of ethylene with vinyl esters and vinyl amides are now accessible [66] . This intramolecular chelation is made possible by the flexible geometry of Co(acac) 2 [67, 68] that is not possible for cobalt complexes bearing tetradentate ligands with a rigid square-pyramidal geometry (such as cobalt porphyrins) [55, 69, 70] . Co(acac) 2 is however less efficient for acrylates polymerization as the result of the low stability of the C-Co bond of the dormant species [71] . Controlling the radical polymerization of acrylates by Co(acac) 2 is feasible but requires specific conditions that allow to shift the active/dormant species equilibrium towards the dormant ones. It can for instance be achieved by decreasing the polymerization temperature to 0 °C and by using an excess of Co(acac) 2 to force the reversible deactivation of the chain-end [71] . Using more electron donating bis(chelates) ligands such as ketiminato ligands ( Figure 1 ) instead of acac ligands led to less efficient control over the VAc polymerization [72] .
The effect of the type of ligand on the C-Co bond stability was studied by computational calculations of the bond dissociation energy (BDE) in various models of dormant species.
As an illustrative example, the BDE of Co-CH 3 was evaluated between 40 and 30 Kcal/mol when the cobalt center is coordinated by Salen or dimethylglyoxime ligands [73, 74] Co(III) dormant species [17] . Considering the BDEs of C-Co bond of alkyl-Co(Salen) in the same range than alkyl-cobaloxime complexes [73] , these results support the ability of N,N'-Ethylenebis(salicylimine)-based cobalt complex Co(Salen) to be adapted for the CMRP of acrylates. In addition, a recent article reported the ability of Co(Salen) to mediate the CMRP of VAc in a photo-initiation process at 23 °C but monomer conversions remained -5 - low [75] . The same limitation was observed for the VAc polymerization mediated by cobalt porphyrin complexes [76] .
In a recent report, Peng and coworkers described the CMRP of both vinyl acetate and methyl acrylate using Cobalt [1,2-Cyclohexanediamino-N,N'-bis(3,5-di-tbutylsalicylidene)] (Salen*) ( Figure 1 ) complex as controlling agent. They reported a good control over the two polymerizations with the formation of polymers with low dispersities (between 1.14 and 1.27) [77] .
The addition of neutral ligands, such as pyridine, water, THF, DMF, to the CMRP of vinyl monomers is a route to modulate the reactivity of the cobalt complex and to possibly improve the level of control or the kinetics of the polymerization [52, 67, 78] . This strategy was used to prepare well-defined block copolymers by sequential OMRP of monomers of different reactivity (Scheme 3, route B). For example, the addition of DMF or DMSO to PVAc-Co(acac) 2 chains allowed to properly initiate the acrylonitrile polymerization with the formation of well-defined PVAc-b-PAN block copolymers, which is not possible without the addition of the coordinating solvent [68] . It is worth noting that in these abovementioned cases, these neutral ligands do not substitute the original ones but further coordinate the metal center (Scheme 3, route B).
In the present work, we develop a new approach to modulate in-situ the electronic properties of the cobalt complex at the polymer chain-end in order to adjust the C-Co bond strength involved in the OMRP process. Bidentate acac ligands are substituted for anionic tetradentate ligands, i.e. Salen type ligands, in a one-pot process (Scheme 3, route C) for improving the block copolymerization of vinyl acetate and n-butyl acrylate (Scheme 4).
Prior to investigate the block copolymerizations, the performances of Co(Salen) for VAc and nBA polymerizations are explored and compared to those of Co(acac) 2 and Co(Salen*).
-6 -Scheme 3. Sequential CMRP polymerization (route A) as well as addition of neutral ligands (route B) and substitution of the original ligands (route C) of Co to tune the metal center reactivity.
Results and Discussion
Controlled radical polymerization of VAc and nBA using Co(acac) 2 The molar mass distribution (M w /M n ) of the resulting PVAc was lower when using Co(acac) 2 (between 1.07 to 1.12, Table S1 ) rather than Co(Salen) (1.09 to 1.23, Table S1 ).
In contrast to PVAc produced in the presence of Co(acac) 2 , size exclusion chromatograms (SEC) of those produced by Co(Salen)-mediated polymerization present a tailing on the low molar mass side which contributes to higher dispersity ( Figure S1 ). This tailing can be characteristic of fast propagation rate compared to a slow initiation by activation of Co dormant species [71] due to a stable polymer-Co(Salen) bond or to the formation of terminated polymer chains during the reaction. However taking into account the efficiency factors (f = M n,theor /M n,SEC ) with Co(Salen) close to 1 (Table S1 ), irreversible termination reactions of polymer chains seem to be negligible, if any. PnBA with a molar mass between 70900 and 141100 g/mol, and dispersities between 1.15 to 1.38 (Table 1 , Entry 2; Figure S2 ). Although the molar masses increase with the monomer conversion, this evolution is not linear ( Figure S2 ) and the initiator efficiency factor is low (f < 0.06) and is slightly increasing with the reaction time (f < 0.2 after 4.5 h; Table 1 ). The control is far to be optimal. Again, dispersity increases with the reaction time due to the presence of a tailing on SEC-curves ( Figure S3 ). Under the same experimental conditions, Co(acac) 2 provides a very fast and uncontrolled polymerization ( Table 1 , Entry 1). The low efficiency factor observed for Co(Salen) contrasts with the high f values (~1)
reported by Peng et al. for the Co(Salen*)-mediated radical polymerization of methyl acrylate (MA) and VAc [77] . Salen and Salen* present similar metal coordination behavior but the nature of the substituents on the Salen ligand is known to affect the properties of the metal complex, as observed in ring opening polymerization [79] . Recently Shaver et al.
reported that electron donating ortho-substituents in Salen*-like cobalt complexes enhanced their efficiency in CMRP of VAc but bimodal mass distributions were observed under the -9 - hard experimental conditions employed (120 °C) [80] . To ensure a RT mechanism, the authors used a Co complex/radical initiator molar ratio of 1/0.6. However, low VAc conversions were obtained at 65 °C [80] . In contrast Peng et al. conducted the polymerization of VAc and MA under DT conditions using a radical initiator/Co molar ratio of 6.5 at 60 °C [77] , suggesting a highly stable carbon-Co(Salen*) bond under these conditions. As suggested by Wayland et al., the square planar geometry of cobalt complexes such as Co(Salen*) [80] is well-suited for controlling the radical polymerization via a DT pathway [22, 49] . After solvent elimination, the resulting alkyl-cobalt compounds are used without further purification as CMRP initiator for the bulk nBA polymerization. At 20 °C, no polymerization is observed after 3 h whatever the alkyl-cobalt Salen type used, in sharp contrast to alkyl-Co(acac) 2 that leads to a highly exothermic and uncontrolled polymerization in a few minutes [71] . However, increasing the polymerization temperature to 40 °C permits to initiate the nBA polymerization by both alkyl-Co(Salen) and alkylCo(Salen*) ( Table 2 ). The polymerization is faster with R-Co(Salen) with about 70% monomer conversion after 4 h, compared to about 40% with R-Co(Salen*) after the same period of time ( Figure 3a , Table 2 ). Molar masses increase almost linearly and similarly with the monomer conversion for the two experiments. Dispersities of PnBAs remain relatively low ( Figure 3b , Table 2 ) especially for the polymerization conducted by alkylCo(Salen*) (M w /M n < 1.3). Figure S5 shows that SEC traces are shifted towards the higher molar mass side when the conversion increases although some tailing is observed. The origin of the shoulder observed at the low molar mass side on Figure S5b after 6h of reaction is however not understood yet. The satisfactory efficiency factor obtained with the alkyl-cobalt initiator after the ligand exchange reaction is a strong incentive to apply the same ligand exchange strategy on a PVAc-Co(acac) 2 macroinitiator. The main goal is to exploit this ligand exchange for the synthesis of well-defined PVAc-b-PnBA block copolymers. Typically, a PVAc-Co(acac) 2 with low dispersity (M w /M n ≤ 1.07, Table S2 ) is prepared from the alkyl-Co(acac) 2 [51] before the addition of 1.2 equiv. of Salen or Salen* ligand in solution in CH 2 Cl 2 (Scheme 4). After solvent and residual monomer evaporation, nBA is added and the polymerization occurs in bulk at 40 °C. SEC analysis of the resulting polymer shows the production of a PVAc-b-PnBA copolymer with a molar mass that increases with nBA conversion ( Figure   4 ). However, some PVAc macroinitiator remains unreacted during the whole polymerization process (see below). The nBA polymerization initiated by PVAc-Co(Salen) leads to copolymer with higher molar masses and dispersities compared to the copolymer produced from PVAc-Co(Salen*) (Table S2) , which matches the conclusions drawn above for the nBA polymerization initiated from the in-situ generated alkyl-Co(Salen) and alkylCo(Salen*) complexes ( Table 2) . Activation of PVAc-Co(Salen*) macroinitiator is also more efficient compared to PVAc-Co(Salen) because only a low amount of unconsumed PVAc is detected with the former complex ( Figure 4) . From SEC-chromatogram 
Conclusion
The controlled radical polymerization of VAc and nBA was explored using Co(Salen) and Co(acac) 2 as controlling agent in the presence of V70 as free radical initiator, in the bulk at monomer conversion and by SEC-THF for molecular parameters using PS calibration, after addition of TEMPO to neutralize radicals [51] . The same procedure was followed for VAc polymerization using Co(Salen) (32.5 mg, 0.10 mmol) as controlling agent.
CMRP of nBA using Co(acac) 2 and 29% for PVAc-Co(Salen) and PVAc-Co(Salen*), respectively) and the molecular parameters by SEC after addition of TEMPO (M n = 9900, M w /M n = 1.07 for PVAcCo(Salen); M n = 7900, M w /M n = 1.06 for PVAc-Co(Salen*), Table S2 ). All volatiles were removed under reduced pressure at room temperature and the resulting PVAc-Co(acac) 2 was stored at -20 °C before further manipulations. No residual VAc was detected by 1 H NMR during the next experiments using PVAc-Co(acac) 2 macroinitiator.
Synthesis of PVAc-b-PnBA using PVAc-Co(Salen) or PVAc-Co(Salen*) macroinitiators
Ligand Salen (39 mg, 0.14 mmol) was placed in a 30 mL schlenk flask and degassed by three vacuum/argon cycles and then 8 mL of dry and degassed CH 2 Cl 2 was added under argon. The resulting yellow solution was transferred using cannula into a schlenk flask containing the PVAc-Co(acac) 2 previously prepared (0.11 mmol, M n = 9900 g/mol, M w /M n = 1.07, Table S2 ). The red solution was stirred at room temperature and turned to dark green after a couple of minutes. After 1 h, all volatiles were evaporated to dryness under reduced pressure at room temperature. A volume of 5 mL of nBA was added under argon and then the dark green solution was stirred at 40 °C. Samples were withdrawn at different reaction times to determine monomer conversion by 1 H-NMR and molecular parameters by SEC-THF using PS calibration after addition of TEMPO. Polymerization was stopped when the reaction medium was too viscous to withdrawn samples under argon. Results are summarized in Table S2 and Figure 4 .
The same procedure was followed for the synthesis of PVAc-b-PnBA initiated by PVAcCo(Salen*) after reaction of Salen* ligand (72.0 mg, 0.13 mmol) with PVAc-Co(acac) 2 adduct (0.11 mmol, M n = 7900 g/mol, M w /M n = 1.06, Table S2 ). Results are summarized in Table S2 and Figure 4 , and a 1 H NMR spectrum of the resulting PVAc-b-PnBA copolymer after monomer elimination under reduced pressure is shown in Figure S7 .
